The molecular mechanisms associated with rabies virus (RV) virulence are not fully understood. In this study, the RV Flury low-egg-passage (LEP) and high-egg-passage (HEP) strains were used as models to explore the attenuation mechanism of RV. The results of our studies confirmed that the R333Q mutation in the glycoprotein (G R333Q ) is crucial for the attenuation of Flury RV in mice. The R333Q mutation is stably maintained in the HEP genome background but not in the LEP genome background during replication in mouse brain tissue or cell culture. Further investigation using chimeric viruses revealed that the polymerase L gene determines the genetic stability of the G R333Q mutation during replication. Moreover, a recombinant RV containing the LEP G protein with the R333Q mutation and the HEP L gene showed significant attenuation, genetic stability, enhancement of apoptosis, and immunogenicity. These results indicate that attenuation of the RV Flury strain results from the coevolution of G and L elements and provide important information for the generation of safer and more effective modified live rabies vaccine.
The molecular mechanisms associated with rabies virus (RV) virulence are not fully understood. In this study, the RV Flury low-egg-passage (LEP) and high-egg-passage (HEP) strains were used as models to explore the attenuation mechanism of RV. The results of our studies confirmed that the R333Q mutation in the glycoprotein (G R333Q ) is crucial for the attenuation of Flury RV in mice. The R333Q mutation is stably maintained in the HEP genome background but not in the LEP genome background during replication in mouse brain tissue or cell culture. Further investigation using chimeric viruses revealed that the polymerase L gene determines the genetic stability of the G R333Q mutation during replication. Moreover, a recombinant RV containing the LEP G protein with the R333Q mutation and the HEP L gene showed significant attenuation, genetic stability, enhancement of apoptosis, and immunogenicity. These results indicate that attenuation of the RV Flury strain results from the coevolution of G and L elements and provide important information for the generation of safer and more effective modified live rabies vaccine.
Rabies virus (RV) belongs to the genus Lyssavirus of the family Rhabdoviridae and causes a fatal neurological disease in humans and animals (6) . The RV genome is a nonsegmented negative-strand (NNS) RNA encoding five structural proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large polymerase (L). Among these, the G protein is a major contributor to RV pathogenicity (7, 31, 33) . The G protein facilitates fast virus entry and transsynaptic spread and regulates the rate of virus replication, together with other viral elements (8, 30, 39) . The G protein of nonpathogenic RV strains can trigger apoptosis, while the RV G of pathogenic strains induces less or no apoptosis (35, 59) . The amino acid residue at position 333 of the G protein (G333) of some fixed strains has been shown to be an important determinant of virulence in adult mice (5) . Strains that have arginine or lysine at position G333 kill adult mice, whereas mutants with other amino acids at this site cause a nonlethal infection (1, 5, 25, 36, 49, 53) . However, the pathogenicity of RV strains is not solely determined by substitutions at the G333 position. Other substitutions in the G protein, such as N194K, have also been shown to affect viral pathogenicity in mice (10, 21, 50) . In addition, other viral elements, such as the N, P, M, and L genes, the trailer sequence in the noncoding region, and the pseudogene, were also reported to modulate RV pathogenicity (12, 46, 57, 58) . How these viral elements regulate the pathogenicity of RV remains to be fully explored, and further investigation is needed to understand the molecular basis of RV pathogenicity.
Attenuated Flury RV low-egg-passage (LEP) and high-eggpassage (HEP) strains were established through serial passage in chicken brain, chicken embryos, and culture cells using a Flury RV isolated from a girl who died of rabies (23, 24) . LEP has Arg at position G333 and kills adult mice after intracerebral (i.c.) inoculation, while HEP has Gln at G333 and causes only mild signs in adult mice. It has been demonstrated that HEP could regain lethality in adult mice by a single amino acid change at G333 from Gln to Arg (49) , which indicated that Arg at position G333 is a key determinant of pathogenicity of Flury RV in adult mice. However, whether the Arg at G333 is indispensable for the lethal phenotype of LEP has not been demonstrated.
In the current study, LEP and HEP Flury RV strains were used as models to investigate the mechanism of attenuation. We found that both G and L contribute to the attenuation of Flury RV. Substitution of Arg with Gln at G333 (G R333Q ) eliminated LEP neuroinvasiveness but not the virus' lethal phenotype in adult mice after i.c. inoculation. The G R333Q mutation could be kept stable only in the genome background of HEP but not in that of LEP during replication. The L gene contributes to the attenuation and enhanced immunogenicity of Flury RV by promoting the stabilization of the G R333Q mutation during virus replication in brain tissues or cells.
MATERIALS AND METHODS
Viruses and cells. Neuroblastoma (NA) cells of A/J mouse origin were grown in Eagle's minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS). Baby hamster kidney (BHK-21) cells were grown in Dulbecco's modified Eagle's MEM (DMEM) supplemented with 10% FBS. The RV Flury strains LEP (AV2012) and HEP (AV2013) were originally received from the China Veterinary Culture Collection Center and propagated in BHK-21 cells. The street virus GX/09, isolated from the brain of a dog that died of rabies in the Guangxi Province of China in 2009, was propagated in the brains of adult mice. All viruses were stored in a Ϫ70°C freezer before use for RNA extraction or challenge studies.
Construction of the LEP and HEP full-length cDNA clones. Viral RNA was extracted with an RNeasy minikit (Qiagen, Valencia, CA). The extracted RNA was subjected to reverse transcription-PCR (RT-PCR) using high-fidelity Pfx DNA polymerase (Invitrogen Corp., Carlsbad, CA) to generate three overlapping PCR fragments (F1, F2, and F3) of the entire viral genome (Fig. 1) . The full-length viral genome RNA transcription plasmids were constructed as previously described by Inoue et al. (20) . The assembled cDNA containing the sequence of the hammerhead ribozyme sequence (HamRz), the full-length (11,925-nucleotide) cDNA of the LEP or HEP strain genome in the antigenomic orientation, and the hepatitis delta virus ribozyme sequence (HdvRz) was inserted between the NheI and SmaI sites of the plasmid vector pCI. A PmeI restriction site was introduced as a genetic marker in the G-L noncoding region of the LEP and HEP cDNA by changing three nucleotides at position 4907 (T to G), 4910 (G to T), and 4912 (C to A) using a site-directed mutagenesis system (Invitrogen). The resulting full-length plasmids were designated pLEP and pHEP, respectively.
The open reading frames (ORFs) of the N, P, and L genes were PCR amplified from pLEP to construct helper plasmids. The amplified N, P, and L genes were each inserted between EcoRI and KpnI of the plasmid pCAGGS (37) , and the resulting helper plasmids were designated pCA-NL, pCA-PL, and pCA-LL, respectively. The assembled full-length cDNA clones and the helper plasmids were confirmed by sequencing.
Construction of mutants and chimeric viral cDNA clones. The full-length cDNA clones of parental, mutated, and chimeric RVs are shown in Fig. 2 . The mutant virus cDNA clone pLEPG 333Q , in which Arg at G333 of the LEP strain was mutated to Gln, and the pHEPG 333R clone, in which Gln at G333 of HEP was mutated to Arg, were constructed by using a site-directed mutagenesis system (Invitrogen). The chimeric virus cDNA clone pLEP-G(H), in which the G gene ORF of LEP was replaced by that of HEP, was constructed in the following manner. One fragment containing the G gene of HEP was PCR amplified from pHEP, and another fragment containing the M gene of LEP was PCR amplified from pLEP. Both fragments were used as templates for an overlapping PCR. The PCR product was digested with XhoI and PmeI and then inserted into the same site of plasmid pLEP. The same method was used to construct the chimeric virus cDNA clone pHEP-G(L) 333Q , in which the G gene ORF of HEP was replaced by that of LEP with the G R333Q mutation.
For construction of the chimeric virus cDNA clone pLEPG 333Q -L(H), in which the L gene ORF of pLEPG 333Q was replaced by that of HEP, one fragment containing the L gene and the trailer sequence of HEP was amplified from pHEP, and another fragment containing part of the G gene, the gene, and part of the L gene of LEP was amplified from pLEP. Both fragments were then used as templates for an overlapping PCR. The PCR product was digested with PmeI and SmaI and then cloned into PmeI-and SmaI-predigested plasmid pLEPG 333Q . All of the sequences of the primers used in this study are available from the corresponding author upon request.
Virus rescue. BHK-21 cells were grown overnight to 80% confluence in 6-well plates in DMEM supplemented with 10% FBS. Cells were transfected with 4.0 g of the full-length plasmid, 2 g of pCA-NL, 1 g of pCA-PL, and 1 g of pCA-LL using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. After 4 to 6 h, the transfection medium was replaced with fresh DMEM supplemented with 10% FBS. After 3 days, supernatants were collected and transferred into wells containing BHK-21 cells and incubated another 3 days. Infection of mice. Virulence of the virus in adult mice was measured in 6-week-old female BALB/c mice (Vitalriver, Beijing). Groups of five mice were inoculated i.c. or intranasally (i.n.) with 30 l of diluted virus or intramuscularly (i.m.) with 100 l of diluted virus. After infection, mice were observed for clinical signs of disease, and body weight was recorded daily. The mouse 50% lethal dosage (MLD 50 ) of the viruses was calculated by the method of Reed and Muench (42) .
Flow cytometric analysis of FITC annexin V staining. Apoptotic cells of the early stage were detected using a FITC annexin V apoptosis detection kit (BD Pharmingen, San Diego, CA). NA cells were infected with recombinant RVs at a multiplicity of infection (MOI) of 1 and incubated for 24 h at 34°C. Cells were washed twice with cold PBS and then resuspended in PBS and adjusted to a concentration of 1 ϫ 10 6 cells/ml. Next, 10 5 cells were incubated with 5 l of FITC annexin V and 5 l propidium iodide (PI) for 15 min at 25°C in the dark. Afterward, 400 l of binding buffer was added to each tube, and flow cytometry was performed on a BD FACSAria analyzer.
Western blotting. NA cells grown in 6-well plates were infected with different RV strains at an MOI of 1 and incubated for 24 h. G gene expression was confirmed by Western blotting. Briefly, cell extracts were analyzed by SDS-PAGE and then blotted to nitrocellulose membrane. The membrane was incubated with a mixture of mouse anti-G protein polyclonal antiserum, 
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diaminobenzidine reagent after incubation with peroxidase-conjugated secondary antibodies. Immunization and virus challenge. Four-week-old female BALB/c mice (groups of 10) were injected i.m. in the gastrocnemius muscle with 100 l of serial 10-fold dilutions of rescued live RVs. After 3 weeks, mice were bled and injected i.m. with 100 l of street virus GX/09 strain containing 50 MLD 50 . Mice were observed for 4 weeks for clinical signs of rabies. Mice that showed definitive clinical signs of rabies, such as paralysis, tremors, and spasms, were euthanized by CO 2 intoxication. Survival rates obtained with the different vaccine dilutions for the different vaccination groups were compared.
Neutralizing antibodies assay. Mice were bled from the retro-orbital sinus under isoflurane inhalation anesthesia, and mouse sera were tested for virusneutralizing antibodies (VNA) using the rapid fluorescent focus inhibition test (RFFIT), as described elsewhere (13, 47) . Neutralization antibody titers, defined as the highest serum dilution that neutralizes 50% of the challenge virus, were normalized to international units (IU) using the World Health Organization anti-RV antibody standard. Geometric mean titers (GMT) were calculated from the titers of 10 mice of the same vaccination group.
Nucleotide sequence accession number. The sequence data for the Flury LEP and HEP strains in this study have been deposited in GenBank under accession numbers GU565703 and GU565704, respectively.
RESULTS

Genome comparison of Flury LEP and HEP strains.
The LEP and HEP strains of Flury RV have similar genomic backgrounds but differ in their virulence levels in adult mice. Sequencing analyses revealed that the genomes of the LEP and HEP strains share 99.3% nucleotide sequence identity and a deduced amino acid homology of 99.8%, 98.3%, 99.0%, 97.8%, and 99.6% between the individual N, P, M, G, and L proteins, respectively. The two strains have identical intergenic regions between N/P, P/M, and M/G and one substitution in the G-L intergenic region. Sequences of the 3Ј and 5Ј terminal noncoding regions, which include the recognition and initiation site of the viral RNA polymerase, were completely conserved in the two viruses. The locations of amino acid substitutions in the N, P, M, G, and L proteins are indicated in Table 1 . A total of 27 amino acid substitutions were found between these two strains.
Biological characterization of the wild type and the rescued strains. To investigate the molecular mechanism for virulence and attenuation of Flury RV, two infectious viruses, rLEP and rHEP, were rescued from the genomes of LEP and HEP, respectively. A PmeI restriction endonuclease site in the G-L noncoding region was generated as a genetic marker for both rescued viruses to distinguish them from wild-type LEP and HEP viruses. The growth of the rLEP and rHEP strains in cultured cells and their virulence in adult mice were determined and compared with those of their wild-type counterparts. The growth curves of the rLEP and rHEP strains were similar to the wild-type LEP and HEP strains, respectively, in both neuronal NA and nonneuronal BHK-21 cells (Fig. 3) . The in vitro neurotropism index, defined as the infectivity ratio of a given virus in NA cells versus in BHK-21 cells, represents a key measurement of RV neuroinvasiveness and neurorvirulence (34) . The rLEP and wild-type LEP strains appeared to be strongly neurotropic, having similar index values of 0.84 and 
a The amino acid numbering in the G protein corresponds to the matured form that does not contain a signal peptide.
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0.78, respectively. As expected, both rHEP and wild-type HEP did not show any neurotropic characteristics ( Table 2) . Virulence of rLEP, rHEP, and wild-type LEP and HEP in adult mice was determined by different inoculation routes, i.c., i.n., or i.m. The survival rates and disease progression of mice infected with different dosages of rLEP or wild-type LEP are shown in Fig. 4A to F. The rLEP strain killed adult mice by any inoculation route. The MLD 50 and death time courses after i.c. or i.n. inoculation of rLEP were comparable to those of wildtype LEP (Fig. 4) . Peripheral pathogenicity was assessed by i.m. inoculation. The MLD 50 of rLEP by i.m. inoculation was 3.4 ϫ 10 5 FFU, slightly higher than that of wild-type LEP. For wild-type LEP, only one of the five mice inoculated i.m. with 10 6 FFU wild-type LEP died, and the others exhibited hind leg paralysis. In contrast, all mice survived from i.c., i.n., or i.m. inoculation, even with 10 6 FFU of rHEP or wild-type HEP (Fig. 4G to L) , without exhibiting any neurological signs, except that an about 3% body weight loss was observed in the first 3 days postinoculation with the i.c. group. These results suggested that the rescued viruses had biological properties and pathogenicities similar to those of their corresponding parental wild-type virus in the adult mouse.
Substitution of Arg with Gln at G333 eliminates LEP neuroinvasiveness but not its lethal phenotype in adult mice by i.c. inoculation. The Arg at position 333 of G is one of the most important determinants for neurotropism of RV. LEP has Arg at position 333 of G, while HEP has Gln at this position. We generated a HEP mutant virus, rHEPG 333R , in which the Gln at G333 was changed to Arg. As shown in Fig. 6 , the multiplestep growth curve of the rHEPG 333R strain in NA cells was similar to that of the rLEP strain. Meanwhile, the in vitro neurotropism index of rHEPG 333R was significantly increased from 0 to 0.8, indicating that rHEPG 333R had acquired the neurotropism property. Infection of adult mice confirmed that rHEPG 333R was lethal (Fig. 4 M to O ). The MLD 50 by i.c., i.n., and i.m. inoculation routines were 0.3 FFU, 887 FFU, and 1.4 ϫ 10 6 FFU, respectively. Theses results were consistent with other reports (49) . The mutation at G333 is sufficient to cause HEP to become highly pathogenic in adult mice.
Based on these results, it was hypothesized that the mutation of LEP G333 from Arg to Gln should eliminate the neurotropism property and therefore attenuates the LEP virus in adult mice. To investigate this issue, an LEP mutant, rLEPG 333Q , in which the Arg at G333 was changed to Gln, was constructed. As shown in Table 2 , rLEPG 333Q lost its neurotropism property and had a neurotropism index value of 0 in cell culture. Infection by the i.m. route with the maximum dosage of 3 ϫ 10 6 FFU did not kill adult mice (Fig. 4R) , and all surviving mice did not show any signs of neurological disease. However, when inoculated by i.c. and i.n. routes, rLEPG 333Q remained highly lethal in adult mice (Fig. 4P and Q) . The MLD 50 s by i.c. and i.n. routes were 36 FFU and 2.1 ϫ 10 5 FFU, respectively. These results suggested that substitution of Arg with Gln at G333 eliminated only the peripheral neuroinvasiveness of LEP by i.m. inoculation but not its lethal phenotype in adult mice by i.c. or i.n. inoculation.
Gln mutation at G333 of rLEPG 333Q reverted to Arg during replication in neurological tissues or cells. Infection by the i.m. route showed that rLEPG 333Q had lost its neurotropism in vitro and its peripheral pathogenicity in vivo, but it was still able to kill adult mice by i.c. and i.n. infection. One possible explanation for these results is that the Gln mutation at G333 of rLEPG 333Q may quickly revert back to Arg during replication and allow the virus to then spread among neurological cells. To confirm this hypothesis, total RNA extracted from the brain tissue of each mouse killed after inoculation with rLEPG 333Q was used as a template to amplify the G gene by RT-PCR. The results revealed that Gln (CAA) at G333 of rLEPG 333Q completely reverted to Arg (CGA) in all mice after one i.c. inoculation (Fig. 5C) . Passage of the virus in NA cells showed that Gln (CAA) at G333 in rLEPG 333Q was not stably maintained in NA cells in vitro and partially mutated back to Arg (CGA) within five passages (Fig. 5D) . These results indicated that rLEPG 333Q could not stably maintain the G R333Q mutation in mouse brain tissue and NA cells. The virus reverted back to regain its neurotropism and highly pathogenic phenotype. In contrast, rHEP stably maintained Gln (CAG) at G333, in both in vivo infection in mice by i.c. inoculation (Fig. 5A ) and in vitro passaging in NA cells for up to five passages (Fig. 5B) .
The LEP genome backbone is responsible for the instability of Gln mutation at G333. To investigate if a specific property of the G gene itself or if the genome background of LEP is responsible for the reversion of the Gln mutation at G333 to Arg, we constructed two chimeric viruses. The rHEP-G(L) 333Q virus was generated by replacing the ORF of the G gene of HEP with that of LEP in which the amino acid at G333 was mutated from Arg to Gln. This virus showed a growth pattern similar to that of rHEP in NA cells (Fig. 6) . The neurotropism index of rHEP-G(L) 333Q was 0 and was the same as that of rHEP ( Table 2 ). The pathogenicity of rHEP-G(L) 333Q was evaluated by i.c. inoculation in adult mice. All mice inoculated with 10 5 FFU of rHEP-G(L) 333Q survived the infection and did not show any signs of neurological disease (Fig. 7) . Another chimeric virus, rLEP-G(H), was generated by replacing the G gene ORF of LEP with that of HEP. The titers of rLEP-G(H) in NA cells were lower than that of rLEP and similar to those of rHEP (Fig. 6) . The in vitro neurotropism index of rLEP-G(H) was 0 ( Table 2 ). All mice inoculated with 10 5 FFU of rLEP-G(H) died within 12 days postinfection (Fig. 7) . The viral genomic RNAs isolated from the brain of infected mice were extracted and sequenced. The results revealed that G333 of rLEP-G(H) had changed to Arg (CGG) from Gln (CAG) (Fig. 5E) . In comparison, the Gln (CAA) at G333 of rHEP- a Virus titers were determined by using an IFA as described in Materials and Methods.
b The neurotropism index equals the logarithm of the titer in NA cells subtracted by the logarithm of the titer in BHK-21 cells.
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on September 23, 2017 by guest http://jvi.asm.org/ G(L) 333Q was stably maintained after i.c. inoculation in mice (Fig. 5G) . rHEP-G(L) 333Q and rLEP-G(H) was passaged an additional five times in NA cells at an MOI of 0.1. The viral genome RNAs were extracted from the fifth passage and subjected to RT-PCR and sequencing analysis. The results showed that the Gln (CAG) at G333 of rLEP-G(H) had partially changed to Arg (CGG) (Fig. 5F ), whereas the Gln (CAA) at position G333 of rHEP-G(L) 333Q remained stable after five passages in NA cells (Fig. 5H) . These results strongly suggest that mutation from Gln to Arg at G333 does not happen randomly.
Certain viral element(s) in the LEP genome backbone other than the G gene might be responsible for the instability of the Gln mutation at G333.
The L protein is related to the stability of Gln mutation at G333. The low fidelity of the RNA polymerase of negativestrand RNA viruses is the major reason for virus mutation. For this reason, we constructed another chimeric virus, rLEPG 333Q -L(H), in which the ORF of the L gene of rLEPG 333Q was replaced with that of rHEP. Multistep growth kinetics analysis showed that rLEPG 333Q -L(H) replicated at a relatively lower rate, about 10-fold lower than that of the rLEPG 333Q (Fig. 6 ). All mice infected by the i.c. route with rLEPG 333Q -L(H) survived (Fig. 7) and showed no signs of neurological disease, except slight loss of body weight. This was similar to what was observed for rHEP-G(L) 333Q . The viral genome RNA from the brain of infected mice after inoculation with rLEPG 333Q -L(H) was subjected to RT-PCR and sequencing analysis. The results revealed that Gln (CAA) at G333 of rLEPG 333Q -L(H) remained unchanged (Fig. 5I) . Further, rLEPG 333Q -L(H) also stably maintained Gln (CAA) at G333 after five passages in NA cells (Fig. 5J) . These results indicated that the L protein is responsible for the stability of the Gln mutation at G333 of Flury RV. The mutation of Arg to Gln at G333 is associated with a greater induction of early apoptosis by Flury RV. Several studies have shown that the attenuation of RV is associated with its ability to induce apoptosis in neuronal cells and that the G protein is responsible for triggering the apoptosis cascade (35, 39, 51) . Annexin V binding, which detects the exposure of phosphatidylserine at the plasma membrane, is an early event in the apoptotic process (29) . Therefore, we employed the annexin V binding assay to investigate if the attenuation of (Fig. 8B) .
These results indicated that the higher levels of early apoptosis in NA cells induced by the recombinant viruses containing G 333Q are not likely associated with an increase in the expression of G protein.
Attenuated recombinant viruses induced enhanced immune responses and more effective protection. It has been reported that attenuated RV is generally more effective at inducing protective immune responses. rLEPG 333Q -L(H) and rHEP-G(L) 333Q have shown significant attenuation and genetic stability in vivo and in vitro. To test if these two recombinant viruses could serve as live vaccine candidates with improved safety and efficacy, we evaluated their immunogenicity in mice in comparison with rLEP and rHEP. Groups of 10 mice were i.m. immunized with 10 6 or 10 4 FFU of different RV strains and then subjected to lethal challenge with the rabies street virus GX/09. Immunization with 10 6 FFU of rLEPG 333Q -L(H) and rHEP-G(L) 333Q induced similar levels of VNA, 3.6 IU and 3.3 IU, respectively, which were significantly higher than that induced by rHEP (1.6 IU [Fig. 9A]) . In mice immunized with the dosage of 10 4 FFU, average VNA titers induced by rLEPG 333Q -L(H) and rHEP-G(L) 333Q were 1.9 IU and 2.2 IU, respectively, which were significantly higher than that of rLEP or rHEP (0.4 IU and 0.4 IU, respectively). These data were paralleled by the results of the challenge study. All mice vaccinated with the dosage of 10 6 FFU of three viruses, rLEPG 333Q -L(H), rHEP-G(L) 333Q , and rHEP, survived after being challenged with the GX/09 street virus at a dosage of 50 MLD 50 . Immunization with 10 4 FFU of rLEPG 333Q -L(H) and rHEP-G(L) 333Q also induced 100% protection against the challenge (Fig. 9B) , while the mice vaccinated with 10 4 FFU of rLEP and rHEP were only partially protected, at 60% and 80%, respectively, from challenge with the GX/09 street virus (Fig. 9B) , though the difference among these groups was not statistically significant. All 10 mice in the PBS-inoculated control group showed typical rabies disease signs and died within 12 days after challenge with the GX/09 street virus at a dosage of 50 MLD 50 .
DISCUSSION
The molecular basis of rabies virus attenuation is not fully understood. To address this problem, we analyzed two genetically similar rabies viruses, the Flury LEP and Flury HEP strains. The LEP strain has an Arg at G333 and is lethal to adult mice by i.c. inoculation, whereas the HEP strain has a Gln at this position and is not lethal to adult mice by i.c. inoculation. The establishment of reverse genetics systems for the two strains has allowed us to delineate mechanisms that may be relevant to RV attenuation and pathogenicity in our study.
The mutant virus rHEPG 333R regained lethality in adult mice by a single amino acid mutation at G333. These results are consistent with previous reports that Arg at G333 is a key determinant of virulence in most representative fixed viruses in adult mice (1, 5, 25, 36, 49, 53) . The Arg at G333 may be indispensable for binding neuroreceptors, such as nicotinic acetylcholine receptor (27) , neural cell adhesion molecule (NCAM) (52) , and the low-affinity neurotrophin receptor p75NTR (54) , though another study indicated that p75NTR is not essential for RV infection (55). Faber et al. reported that a lysine mutation from Asn at position 194 of G (G194) could functionally compensate for the mutation of G R333Q in the rabies vaccine strain SAD B19 and was associated with a reversion to the pathogenic phenotype (10) . LEP has an Asn at G194, and HEP has a His at G194. Obviously, the His at G194 of HEP dose not functionally compensate for the G R333Q mutation in HEP. However, our results show that the single amino acid change at G333 is not enough to explain the virulence difference between LEP and HEP, as the mutant rLEPG 333Q still showed a lethal phenotype in adult mice after i.c. or i.n. inoculation despite its loss of neurotropism in vitro and peripheral pathogenicity in vivo. Further analyses revealed that Gln at G333 of rLEPG 333Q mutated back to Arg during in vivo and in vitro replication. The reversion occurred so quickly that the mouse host perhaps did not have enough time to develop sufficient adaptive immune responses against RV. Unlike the authors of a previous study with the RV SAD B19 strain (9), we did not observe significant dominance of a nonpathogenic glycoprotein gene over a pathogenic glycoprotein gene in recombinant rabies viruses during replication in mice brain tissues. In contrast, based on RT-PCR and sequencing analyses, our results showed that the virulent rLEPG 333R from the reverted rLEPG 333Q showed significant dominance over the attenuated rLEPG 333Q during replication in mice brain tissue. Interestingly, significant replication dominance of virulent rLEPG 333R was not observed during in vitro replication in NA cells.
The mutant rLEPG 333Q has the same amino acid Gln at G333 as rHEP. However, these two viruses showed a significant difference in the genetic stabilities of the G R333Q mutations during replication in brain tissues or cells. RV G spikes function in low pH-induced fusion of the viral envelope with the host cell plasma and endosomal membranes in the early stage of the RV life cycle (19) and plays important roles in viral pathogenesis. We hypothesized that the G gene itself may be responsible for the genetic stability of the Gln mutation at G333. However, tests with the chimeric viruses rHEP-G(L) 333Q and rLEP-G(H) clearly showed that a viral ele- The most concerning issue regarding the use of live attenuated RV vaccines is their high mutation rate. Several strains of attenuated RV consistently reverted rapidly to regain virulence after propagation in NA cells or suckling mouse brain, while others acquired increased virulence at a more gradual rate or not at all (3, 10) . Many factors, including duration and route of infection, virus load, host immune response, and virus-host protein interaction may be involved (22) . Despite these influences, the infidelity of the RNA polymerase of negative-strand RNA viruses could be the major factor responsible for the mutations introduced at a relatively high frequency. Recent evidence indicated that the RV polymerase complex also impacted virulence (58) . The viral replication rate is controlled directly by the polymerase complex in tissue culture and has been shown to correlate inversely with the pathogenicity of RV (9, 35, 41) . Analysis of the silver-haired bat-associated RV 18 (SHBRV-18) strain showed that the RV polymerase likely contributed to RV neuroinvasiveness (12) . Similarly, specific mutations in influenza virus polymerase have also been shown to considerably increase the virus' activity in mammalian cells and to correlate with high virulence in mice (14-16, 18, 28, 48) . However, there is still no direct evidence to explain how the polymerase affects the virulence of RV.
In our study, the L protein appeared to be closely associated with the attenuation of pathogenicity by stabilizing the Gln at G333, suggesting that the attenuation of Flury RV likely resulted from the harmonic coevolution of different elements in the viral genome. The critical importance of the L protein in transcription and replication is highlighted by its extreme sensitivity to mutation (4, 17) . The amino acid sequence changes that we identified in the L protein of the HEP strain that differed from the LEP strain were V75G, V223I, L431R, K514Q, P1226S, R1567Q, H1740R, and I1795V. Phylogenetic analyses have subdivided the NNS L proteins into six conserved domains linked by variable regions (38) . Of all these sequence differences in the HEP L protein, 1740R seems to be unique for the HEP strain. In contrast, all other RV strains with an Arg at G333, including LEP, SRV9 (AF499686), SAD-B19 (M31046), Ni-CE (AB128149), Nishigahara (AB044824), PV (NC_001542), rabies virus serotype 1 (AY956319), RC-HL (AB009663), SHBRV-18 (AY705373), and Mokola virus (Y09762), had H at position 1740 of the L protein. A statistical study showed that glycine as well as acidic (D and E) and basic (K, R, and H) amino acids are highly conserved and typically play a key role in L protein function and/or structure (26) . Therefore, mutation at position 1740 is likely to be related to some functional change in the L protein that consequently influences the stability of the Gln mutation at G333. Further studies are needed to elucidate the significance of the amino acid substitutions.
Apoptosis is used by many neurotropic viruses as a mechanism of neuropathogenicity (32) . The attenuation of RV is associated with its apoptotic ability in neuron cells (35) . Several reports have suggested that the level of RV G expressed on the cell surface may be a critical factor in triggering apoptosis. Infection with recombinant RV expressing the proapoptotic protein cytochrome c induced a strong increase in apoptosis, antiviral immune response, and reduced pathogenicity (40) . The contribution of apoptosis to immune responses may involve several mechanisms. The apoptotic cells can increase innate and adaptive immune responses and trigger the maturation and antigen presentation function of dendritic cells (43) . Cells undergoing massive apoptosis could release factors to induce the activation of major histocompatibility complex (MHC) class I-and MHC class II-restricted T cells by mature dendritic cells (2, 44) . Moreover, the apoptotic bodies have an exceptional ability to deliver antigens to professional antigen presenting cells (45) . Our in vitro study with NA cells had shown that the lethal viruses, rLEP and rHEPG 333R , rarely induced apoptosis, while the highly attenuated viruses, rHEP, rLEPG 333Q , rHEP-G(L) 333Q , and rLEPG 333Q -L(H) induced significant apoptosis in NA cells. Our results are consistent with the observation that the pathogenicity of a particular RV strain correlates inversely with its ability to trigger apoptosis in neuronal cells (35) . A previous study also observed that the induction of apoptosis is largely dependent on the expression levels of G protein (39) , and overexpression of this protein results in enhanced apoptosis (11) . Interestingly, our data showed that all four RV strains with the G R333Q mutation, rHEP, rLEPG 333Q , rHEP-G(L) 333Q , and rLEPG 333Q -L(H), induced significantly higher levels of apoptosis than the viruses with G 333R , rLEP and rHEPG 333R . However, there was no clear correlation between apoptosis induction and the viral replication titers or glycoprotein expression level among these viruses. Whether the differences in apoptotic induction observed with these viruses was caused by viral replication or changing the amino acid sequence of their glycoprotein still remains to be determined. It is possible that the Flury RV might use an additional direct mechanism to regulate apoptosis.
Due to its excellent immunogenicity, LEP has been widely used to generate inactivated RV vaccine for human and animals. In several countries, LEP also has been used as a live vaccine to control dog rabies, especially in countryside settings. However, the residual virulence of LEP obviously cannot meet the current international biosafety standards for a live vaccine. Previous reports demonstrated that enhanced apoptosis and attenuation of RV likely increases the induction of the antiviral immune response (11, 56) . The chimeric virus rHEP-G(L) 333Q or rLEPG 333Q -L(H) showed significant induction of apoptosis in NA cells and attenuation in mice. We therefore investigated whether these two viruses would be able to serve as modified live vaccine candidates. Immunization and challenge study results showed that rHEP-G(L) 333Q or rLEPG 333Q -L(H) induced significantly higher VNA responses and more effective protection than rLEP and rHEP. Since rHEP-G(L) 333Q and rHEP had similar replication titers in NA cells, we can infer that the G protein of LEP is more immunogenic than that of HEP.
In summary, we used the RV Flury virus strains LEP and HEP as models to investigate the attenuation mechanism of RV. Our results confirmed that the G R333Q mutation is crucial in the attenuation of Flury RV in mice. The G R333Q mutation was maintained only in the HEP genome background but not in the LEP genome background during replication in mouse 8934 TAO ET AL. J. VIROL.
neural tissue or cell culture. Additionally, studies with chimeric viruses revealed that the L gene determines the genetic stability of the G R333Q mutation during virus replication. The recombinant viruses containing the G gene with the G R333Q mutation from LEP and the L gene of HEP showed significant improvement in genetic stability, attenuation, enhancement of apoptosis, and immunogenicity. These results strongly suggest that attenuation of Flury virus results from the harmonic coevolution of G and L elements. The findings of this study provide important information for the generation of safer and more effective modified live rabies vaccines.
